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Acetone improves the topographical homogeneity of liquid phase 
exfoliated few-layer black phosphorus flakes  
Juan Gómez-Pérez,1 Zoltán Kónya1,2, Ákos Kukovecz1 
1 Department of Applied and Environmental Chemistry, University of Szeged, H-6720 Szeged, 
Rerrich Béla tér 1, Hungary.  
2 MTA-SZTE Reaction Kinetics and Surface Chemistry Research Group, H-6720 Szeged, Rerrich 
Béla tér 1, Hungary.  
Abstract 
Liquid phase exfoliation of 2D materials has issues related to the sorption of the solvent, 
the oxidation of the sample during storage, and the topographical inhomogeneity of the exfoliated 
material. N-methyl-2-pyrrolidone (NMP), a common solvent for black phosphorus (BP) 
exfoliation, has additional drawbacks like the formation of by-products during sonication and 
poor solvent volatility. Here we demonstrate an improvement in the topographical homogeneity 
(i.e. thickness and lateral dimensions) of NMP-exfoliated BP flakes after resuspension in acetone. 
The typical size of monolayers and bilayers stabilised in acetone was 99.8±27.4 nm and 159.1±57 
nm, respectively. These standard deviations represent a threefold improvement over those of the 
NMP-exfoliated originals. Phosphorene can also be exfoliated directly in acetone by very long 
ultrasonication. The product suspension enjoys the same dimensional homogeneity benefits, 
which confirms that this effect is an intrinsic property of the acetone–BP system. The quality and 
stability of the exfoliated flakes was checked by XRD, TEM, electron diffraction and Raman 
spectroscopy. Thermal expansion coefficients of the A1g, B2g and A2g Raman modes were calculated 
for drop-casted samples as -0.01828 cm-1/K, -0.03056 cm-1/K and -0.03219 cm-1/K, respectively. 
The flakes withstand 20 minutes in O2 flow at 373 K without lattice distortion. 
Keywords: Phosphorene, exfoliated black phosphorus, solvent exchange, Liquid Phase 
Exfoliation, thermal expansion coefficient, lattice parameters. 
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1. Introduction 
Black phosphorus (BP) is a promising 2D material with several potential electronics-
related applications due to its intrinsic, layer number dependent direct band gap [1]. The electronic 
band gap ranges from ~ 0.3 eV (bulk BP) to ~ 2.0 eV (monolayer) [2]–[4]. Theoretical calculations 
as well as optical band gap measurements confirmed the layer number dependency and revealed 
also the variation of the energy levels for the valence band maximum and conduction band 
minimum [1]. Therefore, the band gap can be tuned for optical applications, and the doping and 
the injection of holes or electrons in redox coupled reactions could probably also be optimised for 
catalytic or sensing applications. Band gap engineering through layer number control can be 
achieved by exfoliation down to the monolayer. Liquid phase exfoliation (LPE) is the most 
widespread method for this due to its scalability. Consequently, it is pivotal to improve our 
knowledge about solvent – nanomaterials interactions in black phosphorous based systems [5], 
[6].  
Several solvents have been tested for the exfoliation of BP (e.g. CHP [4], DMF [7], 
DMSO [7], formamide [8]). The most popular is N-methyl-2-pyrrolidone (NMP) because it yields 
the highest BP concentrations [9]. The good performance of NMP has been explained by the 
relatively small difference in surface energy between BP (approx. 60 mNm-1 [9], [10]) and NMP 
(approx. 41 mNm-1 at 293 K [5]). Nevertheless, other considerations must also be taken into 
account to evaluate LPE processes, for example, the geometrical features of the solvent molecules 
and the dispersive and polar components of the surface tension [5]. Authors in [8] compared the 
achievable BP flake concentration for several solvents and reported zero yield for acetone. 
However, here we shall demonstrate that while this could well be valid for short sonication 
periods, longer sonication makes it possible to obtain stabilised BP suspensions with good 
reproducibility of the particle size. Just like in the case of graphene, using acetone has certain 
advantages over other solvents [11], [12]. 
Besides the evident relevance of the thickness of the flake, its length is also important as 
reactions may start or take place at the flake edges as reported by [4]. Table 1. summarizes the 
topographical characteristics of few-layer BP obtained by liquid phase exfoliation. The 
information in Table 1 was extracted from [9] and amended with the length of the flakes 
(determined by taking measurements in the published images) as well as with newer results for 
the case of ultrasonication. Typically, the length of flakes produced by ultrasonication that are 
thin enough to exhibit quantum confinement effects is below 500 nm. Flakes larger than 1 
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micrometer tend to consist of many layers, therefore, their investigation is less relevant from the 
2D material science point of view.  
Table 1. Topographical characteristics of the few-layers phosphorene produced by LPE 
methods. This table is based on the work of Dhanabalan et al [9] that has been amended with flake 
length measurements and data about some more recent NMP-based exfoliation experiments. 
Solvent Ultra-sonication Centrifugation BP thickness (nm) Length (nm) Ref. 
NMP 300W, 4 h 
3000 rpm, 10 min 
12000 rpm, 20 min 
18000 rpm, 20 min 
0.6 to 10 674.3** 211.6** [13] 
NMP 4 h 1500 rpm, 45 min 3 to 9 < 500 [14] 
NMP 200W, 3 h, ice-bath 7000 rpm, 20 min 1.9 ± 0.9 4.9 ± 1.6 [15] 
NMP 90 min 3000 rpm, 10 min 30 to 60 ~ 500 [16] 
NMP 300 W, 10 h 1500 rpm, 10 min 0.6 to 2 < 200 [17] 
NMP - - ~ 23 ~ 700* [18] 
NMP 10 h 5000 rpm, 30 min 0.84 to 4.22 2000 to 12000 [19] 
NMP 820 W (30%), 24 h, 303 K 1500 rpm, 45 min 
0.9 to 1.6 
3.5 to 5 < 200 [20] 
NMP 360 W - 1.71 ± 0.30 1.0 to 2.4 [21] 
NMP 300 W, 12 h, Ar atmosphere. 
7000 rpm + 15000 
rpm, 20 min 1.5 to 4.5 2.5 to 6.5 [22] 
CHP 
NMP 
750 W, 5 h,  
2 g L-1 
2000 rpm up to 
16000 rpm, 120 min 9.4 ± 1.3 
190 to 620 
(2300) [4] 
Ethanol 400 W, 43 h, RT [6 mg mL-1]final 
4000 rpm, 60 min 4 to 25 ~ 200 [23] 
IPA 
NMP 
Ethanol 
2 h 1500 rpm, 20 min 5 to 10 100 to 500 [24] 
IPA 3 h 1500 rpm, 20 min 5* ~ 2000* [25] 
DMF 
DMSO 
130W, 15 h. 
[10 µg mL-1]final 
2000 rpm, 20 min 0.5 to 40 DMF:190** DMSO: 532** [7] 
DMF 
DMSO 12 h 500 rpm, 30 min 26 
DMF: 100-150 
DMSO: 200-
1200 
[26] 
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Water 8 h, ice-bath 1500 rpm, 10 min 2 ~ 300* [27] 
Water 100 W, 30 min - < 20 ~ 10 [28] 
* Value derived from the single image shown in the reference. 
** Hydrodynamic size. 
Disadvantages of the popular exfoliation solvent NMP include low volatility, wide 
electromagnetic absorption, and by-product formation during sonication [29]. In fact, Dhanabalan 
et al. (2017) have concluded that “phosphorene, extracted by NMP solution cannot be used 
directly either in the fabrication of electronic devices or for the optical investigations because its 
poor volatility” [9]. Unsurprisingly, this inconvenience is also persistent for other solvents with 
good exfoliation efficiencies due to the high surface energy required for the BP exfoliation (e.g. 
N-Cyclohexyl-2-pyrrolidone (CHP) [4]. Some efforts have been made to exchange the exfoliated 
BP into other solvents. For example, authors in [13] used saturated NaOH NMP solution and they 
were able to stabilize BP in water. It was also possible to transfer CHP exfoliated BP into 
chloroform using several centrifugation steps [10], exchange NMP to ethanol [14], and to make 
the exfoliation in NMP and then transfer the precipitated flakes (17000 rpm) into tetrahydrofuran 
(THF) [22].  
In this work, we analyze the effects of transferring few-layers BP flakes from NMP 
suspension to acetone. After the solvent transfer, the new solvent stabilizes the flakes from 
monolayer up to 4-layer systems. This has considerable practical relevance since the electronic 
properties of black phosphorus (e.g. band gap, work function, and band positions) vary following 
a power law with the greatest differences being between the monolayer, 2-layer and 3-layer 
systems [1], [4], [30]. Additionally, we demonstrate that exfoliation in acetone is possible at room 
temperature but requires longer sonication periods, and demonstrate its benefits for obtaining 
suspensions of practically isolated monolayers and 2-3-layer systems that allow the measurement 
of optical band gaps in good agreement with the theoretical values. Finally, we demonstrate an 
improvement in the topographical homogeneity (i.e. thickness and lateral dimensions) of NMP-
exfoliated BP flakes after resuspension in acetone. 
2. Experimental 
2.1 Production of few-layers BP 
Bulk BP crystal was purchased from HQ Graphene (Groningen, the Netherlands) and 
stored in argon atmosphere. The LPE process was made using an ultrasonic bath (120 W, 35 kHz) 
where 4 mg of the bulk BP was added to 10 mL of N-methyl-2-pyrrolidone (NMP, purchased 
from Molar chemicals) in a glass vial tightly closed with a septum cap and filled with argon. 
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Argon was also bubbled through the NMP before sonication to reduce the dissolved oxygen 
content. The temperature of the bath was kept constant at 298 K to avoid variations in the surface 
tension components. The sonication period was 1 hour, which is in the lower range in comparison 
with the values cited in Table 1. After sonication, the sample was allowed to settle for 24 hours 
and then the supernatant was collected and centrifuged at 2000 rpm for 30 minutes. Again the 
supernatant was collected, flushed with argon and stored for further characterization. This sample 
was labelled as BP2S. After storing for 7 days at room temperature the sample was centrifuged at 
4000 rpm. The supernatant was labelled as BP4S and the precipitate was resuspended using 4 ml 
of NMP, sonicated for 5 minutes and labelled as BP4P. 
2.2 Characterization of the few-layers BP 
The morphology of the few-layers BP was characterised using Atomic Force Microscopy 
(AFM, SMENA NT-MDT) with a golden silicon probe (NSG30, NT-MDT) in semicontact mode. 
The sample was drop-casted on a mica substrate and dried in vacuum. Thickness and length 
distributions were determined by measuring 300 individual flakes in 5 images for each sample. 
The quality of the exfoliated materials was examined with transmission electron 
microscopy (FEI TECNAI G2 20 X-Twin) operated at 200 kV accelerating voltage and Raman 
spectroscopy performed using a 532 nm excitation laser and a spectral resolution 4 cm-1 (Bruker 
Senterra II). Powder X-ray diffraction measurements were done in a Rigaku Miniflex II unit using 
Cu Kα radiation. Oxygen exposure experiments were performed in a temperature- and 
atmosphere-controlled Linkam HFS600E stage. The oxygen flow rate was set to 200 mL/min. 
The suspension stability was analysed using the zeta potentials calculated from Dynamic 
Light Scattering (DLS, Malvern, Zetasizer-NanoZS) at 633 nm. The electrophoretic mobility was 
determined, and the zeta potential was calculated using equation 1, where 𝜀 is the dielectric 
constant, 𝑧 is the zeta potential and ɳ is the dynamic viscosity. For this work, we used the 
Smoluchowsky model assuming the Henry’s function	𝑓 𝑘𝑎 	 = 	1.5. 
𝑈- = 2	𝜀	𝑧	𝑓(𝑘𝑎)3ɳ 																	(𝐸𝑞. 1) 
NMP has a dielectric constant of 32.16, refractive index of 1.47 and viscosity of 1.666 
mPa s at 298 K. The utilised BP refractive index of 3.4 [31] corresponds to a phosphorene 
monolayer as calculated from the dielectric constant following the relationship n2 = ε, where n is 
the refractive index and ε is the dielectric constant in the direction of the defined plane [32]. Size 
distributions were calculated from DLS data and reported as hydrodynamic size for comparison 
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 6 
with results from other authors, as well as with those obtained in this work from the AFM 
measurements. 
2.3 Solvent transfer 
The NMP exfoliated few-layers BP suspension was dried in a vacuum chamber for 8 
hours without any external source of heating to avoid thermal oxidation. After the NMP 
evaporation, the vial was refilled with acetone (dielectric constant: 20.7, dynamic viscosity: 
0.3111 mPa·s, refractive index: 1.356) and vacuum dried once more to remove any NMP residues. 
Afterwards, the sample was refilled with acetone and bubbled with argon. Finally, the sample was 
ultrasonicated for 5 minutes and stored ready for characterization. 
3. Results 
The zeta potential values of -30, -43 and -33 mV corresponding to samples BP2S, BP4S 
and BP4P, respectively, indicate that all NMP suspensions were stable. Hydrodynamic size 
distributions obtained by DLS are summarised in Fig. 1. along with topographical characterization 
provided by semicontact mode AFM (Fig. 1c and d).  
For the sample BP2S in NMP, the average hydrodynamic size was 183 nm (Z-average, 
according to DLS measurements) while the peak for distribution by number was at 133 ± 46 nm 
(Fig. 1a). After centrifugation at 4000 rpm, the average flake hydrodynamic size in the supernatant 
(BP4S NMP) decreased to 93 ± 36 nm, and that of re-suspended precipitate (BP4P NMP) 
increased to 154 ± 46 nm. These results are in good agreement with the average sizes measured 
by semicontact AFM insofar as they feature a very similar log-normal distribution (Fig. 1a and 
d). The mismatch between the highest intensity peaks is most likely due to the geometry of the 
flake and the assumption made in the Eq. 1 when using Henry’s function (𝑓 𝑘𝑎 	 = 	1.5). 
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Figure 1. Topographical characterization of few-layer black phosphorus samples produced by 
liquid phase exfoliation in NMP. (a) Hydrodynamic size distribution as measured by DLS. (b) 
Centrifugation effect on the size distribution. (c) Typical AFM image of sample BP2S NMP. (d) 
Average BP flake diameter distribution measured by AFM. 
The thickness of the flakes produced by the LPE+centrifugation process was below 1.5 
nm as measured by AFM (Fig. 2a-b). This corresponds to either 3-layer, 2-layer, or monolayer 
phosphorene, which are the most interesting systems from the future electronics application point 
of view [1], [4]. Peaks below 1.0 nm in the thickness distribution histogram all belong to 
monolayers (theoretical thickness 0.55 nm [9]) considering the error of semicontact mode AFM 
height measurement, whereas those above 1.0 nm are due to 2-3-layer flakes. There is a positive 
linear correlation between the lateral size of the flakes and their maximum thickness (Fig. 2c-d). 
The comparison between Figs. 2a and 2b indicates that resuspension in acetone shifted the 
thickness distribution towards thinner BP products. This is explained by the spontaneous 
segregation that occurred after the NMP-to-acetone solvent exchange: only particles below 500 
nm were stabilised in acetone, hence the suspension was enriched in monolayers while the larger 
particles (mainly bilayers and trilayers) were precipitated. An additional advantage of acetone is 
that its boiling point (329 K) is significantly below that of NMP (475 K), therefore, it facilitates 
the production of cleaner phosphorene surfaces uncontaminated by remnant solvent molecules. 
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Figure 2. Thickness distribution of the samples BP2S NMP (a) and BP2S Acetone (b). Average 
size correlation with thickness for the samples BP2S NMP (c) and BP2S Acetone (d). Lines drawn 
in parts c and d are guides for the eye. 
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The zeta potential of the flakes resuspended in acetone as described in the experimental section 
was -29.9 mV (Fig. 3a). In agreement with the widely accepted ±30 mV zeta potential stability 
threshold, both these and the original NMP-based suspensions were stable for over 2 weeks at 
room temperature. The topographical homogeneity improvement effect of acetone was assessed 
by detailed AFM analysis (Figs. 3b-d). The typical size of monolayers and bilayers in acetone 
was 99.8 ± 27.4 nm and 159.1 ± 57 nm, respectively. In contrast, the monolayer in NMP measured 
218.5 ± 68.6 nm, and the bilayer had an average length of 410.4 ± 203.9 nm.  While the lateral 
dimension of flakes stabilized in acetone is a factor of 2 smaller than that of their NMP-suspended 
counterparts, the size distribution is more tightly controlled in acetone as indicated by the factor 
of 3 difference in the standard deviation of the monolayer flake size. 
  
 
Figure 3. Zeta potential before (BP2S) and after centrifugation (BP4S) at 4000 rpm (30 min) for 
the sample in NMP and acetone (a). AFM image from the sample BP2S suspended in acetone, 
(b) and its corresponding average diameter distribution measured by AFM, (c). Hydrodynamic 
size distribution for the sample BP2S in acetone, (d). 
The more uniform size of acetone-derived phosphorene makes it more suitable for 
separation, for example by centrifugation. Moreover, smaller standard deviations are 
advantageous e.g. when studying BP chemistry as the reactions may start or run at the edges [4].  
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To evaluate further the versatility of acetone, we isolated the monolayers from another 
exfoliation batch. In this case, the exfoliation was performed in acetone directly, but using a much 
longer sonication time of 24 hours (power 120 W; temperature: 298 ± 1 K). Unlike Zhang et al. 
[8], we have found it possible to obtain phosphorene flakes by this direct LPE method. The 
product was very similar to that produced by the above-described NMP+centrifugation+solvent 
exchange method (BP4S Z-average hydrodynamic size: 96 nm; zeta potential: -38.1 mV). This 
confirms that the BP flake homogeneity improvement effect is an intrinsic property of acetone as 
a solvent. It is most probably due to the considerable mismatch between the surface energy of BP 
(approx. 60 mNm-1 [9], [10])) and acetone (23.2 mNm-1 at 293 K), which results in the selective 
stabilization of small flakes and the precipitation of all others. The optical band gap was estimated 
as 2.15 eV from the absorption spectra reported in Fig. 4a. for the acetone exfoliated sample 
centrifuged at 4000 rpm. This matches both the experimentally measured value for the 
phosphorene monolayer (~2.07 eV as determined in CHP by Coleman's group [4]) and the 
theoretical band gap value of 2.15 eV [2] well. The agreement between the optical band gap and 
the electronic band gap is explained by the exciton binding energy that in the case of suspensions 
in acetone is expected to be only -31.1 meV [30]. 
  
Figure 4. UV-VIS-NIR for black phosphorus (BP) exfoliated in acetone. BP2S: Suspended 
fraction after centrifugation at 2000 rpm (30 min). BP4S: Suspended fraction after centrifugation 
at 4000 rpm (30 min). BP4P: Precipitated fraction after centrifugation at 4000 rpm (30 min) (a). 
XRD pattern for the as exfoliated material. (b). 
The formation of bridges or interstitial oxygen bonds results in deformations as large as 
90% in comparison with pristine phosphorene [33], [34]. Therefore, the stability of the materials 
exfoliated in acetone was examined in terms of its interplanar spaces. The plane distance was 
calculated from the most intense (002) peak visible in the XRD pattern (Fig. 4b). The interplanar 
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distance was found to be 5.22 Å, which corresponds to the monolayer and the lattice constant 
c = 10.44 Å. These values are in good agreement with the lattice parameters reported previously 
[35]. In order to examine the other lattice parameters after exfoliation, electron diffraction from 
two different flakes (Figs. 5a and 5d) was measured with a transmission electron microscope. The 
lattice parameters were calculated for the same set of flakes before and after exposing them to 
oxygen at 373 K for 20 min, and the results are presented in Table 2.  
 
Figure 5. Bright field TEM image of a phosphorene flake exposed to oxygen for 20 min at 373 
K. (scale bar: 500 nm) (a). Electron diffraction (scale bar: 5 nm-1) from this flake before (b) and 
after (c) (scale bar: 5 nm-1) oxygen exposure. TEM image (scale bar: 1 µm) of another freshly 
exfoliated few-layers BP flake (d) and its electron diffraction before (scale bar: 5 nm-1) (e) and 
after (scale bar: 2 nm-1) (f) oxygen exposure. 
The values of the lattice parameters obtained by electron diffraction show variations 
smaller than 0.05 Å after oxygen exposure at 373 K (Table 2). This result indicates the absence 
of bridges and interstitial oxygen bonds at the early stages of oxidation. According to theoretical 
calculations and XPS measurements [36], [37], surface types of oxides are the first to be formed 
with minimal lattice deformation and their transformation to interstitial oxygen bond requires an 
activation energy of 0.69 eV [36]. Our results agree with these findings at the lattice level, 
however the oxidation process of the exfoliated materials requires further investigation as not 
only passivation, but the tuning of the band gap can be achieved by oxidation. Additionally, the 
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acetone-exfoliated materials show good stability even after exposure to oxygen flow at 373 K for 
20 minutes (no defects were observed during the TEM examination), allowing thermal pre-
treatments of the flakes to remove adsorbed species without inducing undesired degradation 
processes. Here is important to recall that this is not necessarily the case for higher boiling point 
solvents (e.g. NMP). 
Table 2. Lattice parameters of phosphorene flakes as calculated from electron diffractions 
shown in Figure 5 
 Lattice parameters (Å) 
a b 
Before O2 treatment 3.29 4.31 
After O2 treatment 3.26 4.29 
The acetone-exfoliated materials were also examined with Raman spectroscopy in 180° 
backscattering configuration. The sample was drop-casted on a silicon wafer and mounted in the 
temperature-controlled measurement stage. Raman spectra were collected in situ in the 
temperature range 123.15 K to 423.15 K in argon flow atmosphere (200 mL/min). The results are 
presented in Figure 6. 
 
Figure 6. Raman characterization of the acetone-exfoliated phosphorene materials. Raman spectra 
recorded at different temperatures for the sample BP4S acetone (a). Raman spectra vs temperature 
for each vibrational mode for the sample BP4S acetone (b-d). Raman spectra vs temperature for 
each vibrational mode for the sample BP4P acetone (e-g). 
Monotonic redshift was observed with increasing temperature for the three vibrational 
modes (i.e. A1g, B2g and A2g) (Figure 6), and the linear fitting parameters are shown in Table 3 for 
the samples BP4S acetone and BP4P acetone. The slope of the linear fitting is described as the 
thermal expansion coefficient, and the values presented here are in the same order of magnitude 
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as those reported recently for mechanically exfoliated BP samples in a comparable range of 
temperatures [38], [39]. The intercept values shown in Table 3 are indicators of the quality of the 
drop-casted materials and the exfoliation process. All three vibrational modes collected from the 
sample BP4S acetone are blueshifted in comparison with the sample BP4P acetone, even though 
random aggregation of the flakes takes place after the drop-casting process. For the case of the 
substrate (i.e. silicon wafer), the results were -0.0239 cm-1/K and 527.9 cm-1 for the thermal 
expansion coefficient and the harmonic phonon frequency, respectively. These values are in good 
agreement with previous studies [40], thus confirming the correctness of our experimental setup 
and the validity of the values measured for BP (Table 3). 
Table 3. Linear fitting parameters for the temperature dependence of the Raman shifts of 
characteristic phosphorene modes 
Sample 
Vibrational 
mode 
Slope 
(cm-1/K) 
Intercept 
(cm-1) 
R2 
BP4S A1g -0.01828 367.68 0.96977 
B2g -0.03056 448.18 0.99173 
A2g -0.03219 476.72 0.99077 
BP4P A1g -0.01464 366.31 0.93909 
B2g -0.0255 446.16 0.9863 
A2g -0.02752 474.72 0.98645 
 
Summarizing, it appears that the higher surface area to volume ratio of monolayer BP 
flakes combined with their smaller lateral dimensions allows their stabilization in acetone 
suspension. Larger bilayer and trilayer particles precipitate spontaneously upon exchanging the 
solvent to acetone and can be recovered from the precipitate if necessary. Both electron diffraction 
measurements and thermal expansion data calculated from temperature-dependent Raman 
experiments indicate that resuspension in acetone does not affect the quality of the phosphorene 
material adversely. We suggest that given the relationships between length, thickness and stability 
reported here, it is possible to fractionate few-layer black phosphorous flakes using an appropriate 
combination of solvents. This is expected to be useful for optimizing phosphorene flakes for 
sensoric and catalytic applications, where the position of the valence and conduction bands is as 
important as the absolute value of the electronic band gap itself.  
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4. Conclusions 
Few-layers black phosphorus (BP) suspension produced by liquid phase exfoliation in 
NMP is stable for over two weeks at room temperature with absolute values of zeta potential 
larger than 30 mV. The produced material shows a positive correlation between flake length and 
thickness that can be exploited for phosphorene fractionation considering the lower stability of 
larger flakes. BP flakes exfoliated in NMP can be transferred into acetone. This brings about two 
important advantages: (i) it improves the topographical homogeneity of the phosphorene flakes, 
and (ii) it facilitates solvent removal without the need for excess heating that could induce BP 
oxidation. The latter property appears to be particularly useful for phosphorene-based sensor 
application development. In contrast to available literature wisdom, we were also able to exfoliate 
black phosphorous directly in acetone by 24-hour sonication.  
The high quality of the acetone-exfoliated material was confirmed by three independent 
lattice characterization methods: X-ray diffraction, electron diffraction and Raman spectroscopy. 
The analysis of temperature-dependent Raman spectra of the BP4S acetone drop-casted samples 
recorded in the 123.15 – 423.15 K temperature range yielded -0.01828 cm-1/K, -0.03056 cm-1/K, 
and -0.03219 cm-1/K as the thermal expansion coefficient of the A1g, B2g and A2g vibrational modes, 
respectively. Phonon frequencies extrapolated to 0 K show that the exfoliated materials are in the 
few-layers regime and the blueshift was still observable after drop-casting. Electron diffraction 
patterns recorded before and after exposing acetone-exfoliated phosphorene flakes to O2 flow at 
373.15 K for 20 minutes indicated no significant changes in the lattice parameters, which indicates 
that the exfoliated flakes can tolerate a thermal acetone removal treatment in normal laboratory 
atmosphere without adverse structural effects. 
Overall, the acetone-exfoliated materials exhibited good stability in suspension and after 
controlled high temperature exposure to oxygen atmosphere. Improved flake uniformity (as 
compared to NMP) was also observed here, which confirmed that the topographical homogeneity 
enhancement is an intrinsic property of the acetone – black phosphorous system. 
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